The expanse of coastal waters along Guangdong, Guangxi and Fujian provinces of southern China provides a habitat for two oysters, namely the Hong Kong oyster, Crassostrea hongkongensis (Lam & Morton, 2003) and the Suminoe oyster, C. ariakensis Fujita, 1913 (Wang et al., 2004; . Of these, C. hongkongensis is commercially cultured due to its high-quality meat, unique flavour and ability to grow rapidly (Wang et al., 2004) . Previously, both of these species were known as the Jinjiang oyster, C. rivularis. However, they have recently been distinguished as two separate species based on their morphology and DNA sequences (mitochondrial 16S rRNA and cytochrome c oxidase subunit I (COI), and nuclear 28S rRNA) (Lam & Morton, 2003; Wang et al., 2004) . The cooccurrence of these two oyster species in the same oyster reefs, estuaries and bays in the brackish-water regions of southern China, along with their almost identical reproductive cycles, increases the probability of natural hybridization between them Xia, Yu & Kong, 2009) . However, there is a dearth of knowledge regarding the process of fertilization and the rate of formation of hybrids among these oysters.
The aim of this study was to identify pure members of the parental species and putative hybrids, based on morphological and molecular features. For this, mixed oyster samples (pure and hybrid) were collected from wild and cultured populations at five sites along the coast of southern China (Table 1) . Based on their morphological characteristics, the oysters could be identified as C. hongkongensis and C. ariakensis (Wang et al., 2004;  Table 2 ). The colour of the flesh and the structure of the gill water tube were examined after opening of the valves using an oyster knife. For species confirmation, the adductor muscle of 30 individuals each of pure C. hongkongensis and C. ariakensis and 11 putative hybrids were separately fixed in 95% ethanol and screened for genetic markers (COI and 28S rDNA) as described below .
For genetic analyses, genomic DNA was isolated from ethanolfixed samples using the TIANamp Marine Animals DNA kit (Tiangen) following the manufacturer's instructions. Each PCR was performed in a total reaction volume of 25 μl on a PE GeneAmp 9700 thermal cycler. The COI gene was amplified using universal PCR primers (LCO1490 and HCO-2198) as a control (Wang et al., 2004) . Species-specific primers targeting the COI gene were amplified using the primers 5'-GGAGTAAGT GGATAAGGGTGGATAG-3' for C. hongkongensis and 5'-AAAAAA GATTATAACTAATGCATGTCG(T)G-3' for C. ariakensis. The thermal cycling conditions were conducted following the method of . A 28S rDNA fragment of the two species was amplified using primers D1F and D6R as described by Park & Foighil (2000) . A set of species-specific primers (5'-CACAGCTCA CGCATCCCGGTCCAGC(T)A-3' for C. hongkongensis and 5'-GC GTTCCGGAGGCTATAACTCCCGAG-3' for C. ariakensis) was used to amplify 28S rDNA. The fragments were amplified according to the protocol described by . PCR products were separated on 2.0% agarose gels containing 0.2 mg/ml ethidium bromide and were visualized under UV transillumination. The pure species and the hybrids were identified by the length of their PCR products.
For morphological studies, the shell, the flesh colour and the gill structure were compared between the pure species and the hybrids ( Table 2 ). The shell of both the pure C. hongkongensis and the hybrids was elongated, while that of C. ariakensis was round or oval ( Fig. 1A-C) . Similarly, the flesh of C. hongkongensis and the putative hybrids was white, but red in C. ariakensis ( Fig. 1 ; Table 2 ). Comparison of the gill structure revealed that the central part of the gill was detachable from the soft tissue in C. hongkongensis and that both the epibranchial chambers opened to the promyal chamber. After the removal of the mantle, four rows of gill water tubes were visible (Fig. 1D) . On the other hand, in both C. ariakensis and the putative hybrids, the gill was attached to the soft tissue and only one side of the epibranchial chamber was open to the promyal chamber. Thus, when the mantle was lifted, only two rows of gill water tubes were exposed (Fig. 1E, F) . Therefore, although the shell shape and the flesh colour of the putative hybrids were similar to C. hongkongensis, their gill tube structure was analogous to that of C. ariakensis ( Fig. 1E ; Table 2 ).
The unambiguous identification of the pure species as C. hongkongensis or C. ariakensis was done on the basis of the COI and 28S gene markers. The lengths of the COI amplicons were 387 and 183 bp for C. hongkongensis and C. ariakensis, respectively (Fig. 2 , Table 1 ). The putative hybrids produced a COI band of 387 bp similar to that of C. hongkongensis, but lacked the characteristic 183 bp band of C. ariakensis. For the 28S gene, C. hongkongensis and C. ariakensis produced single bands at 798 and 654 bp, respectively. In comparison, all putative hybrids produced two bands, one at c. 798 bp and the other at c. 654 bp, indicating inheritance of nuclear DNA from both the parental species and thus providing molecular evidence for the hybridization event (Fig. 2, Table 2 ). Based on the above-mentioned morphological parameters, the extent of natural hybridization between the two oysters was calculated. Expressed as a ratio (pure:hybrid), the values at locations in south China were as follows: 0.18% for Zhuhai, 0% for Yangjiang, 0.63% for Zhanjiang, 0.20% for Beihai and 0.41% for the Maowei Sea (Table 1) .
This study demonstrates that the natural hybrids between two oysters can be identified by morphology using the shell shape, flesh colour and gill water tube structure at the adult stage. In Crassostrea oysters, the middle gill water tube and the promyal chamber remain fused except only in C. hongkongensis, where the two parts remain dissociated (Wang et al., 2004) . In our study, the gill tube structures of the natural hybrids were found to be fused like those of C. ariakensis. Similar structural features have also been reported in the artificial hybrids resulting from C. hongkongensis x C. gigas (Zhang et al., 2012 (Zhang et al., , 2014 and C. hongkongensis x C. ariakensis crosses (Huo et al., 2013) . However, it should be noted that in C. hongkongensis the gill water tubes remain fused in young oysters and dissociate only after the shell height reaches 40-50 mm in length. Since the gill water tube morphology of smaller C. hongkongensis oysters is similar to that of C. ariakensis, morphology-based identifications are sometimes ambiguous. Hence, a combination of mitochondrial and nuclear gene markers, along with morphological studies, is required for correct species identification and to score natural hybridization events.
Our findings suggest that although natural hybrids of the two oysters, C. hongkongensis and C. ariakensis, contain the nuclear gene types of both parents, they express the mitochondrial gene marker from C. hongkongensis only. This indicates that the immediate maternal parent of all hybrids was C. hongkongensis. As possible explanations for this observation, we propose two alternative models of hybridization. Our first model assumes a 'unidirectional fertilization' of C. hongkongensis eggs with C. ariakensis sperm, producing viable hybrids containing the maternal mitochondrial DNA from C. hongkongensis. The second model proposes a 'bi-directional fertilization' between the two parental species, but with subsequent loss of hybrids generated from the cross of male C. hongkongensis × female C. ariakensis, resulting in viable expression of C. hongkongensis mitochondrial genes only. Of the two hypotheses, the first is supported by previous reports of asymmetrical fertilization during artificial hybridization of C. hongkongensis × C. ariakensis (Huo et al., 2013) .
The effect of geographical location on the extent of hybridization events between the two oysters species was also considered. A clear association was observed between the frequency of hybrids and the prevalence of the parental oyster species at a particular site. The hybridization ratio was found to be maximal (0.63%) at Zhanjiang, where the ratio of parental oysters was closest to 1:1. On the other hand, when one parent species was rare, as at Yangjiang, no natural hybridization was observed (Table 1 ). In addition, the natural hybridization frequency at a site is likely to be affected by environmental factors and their interaction with parental prevalence (Arnold & Hodges, 1995; Barton, 2001; Mallet, 2007) . The rate of natural hybridization between bivalve species has been observed to be highly variable within hybrid zones of Mytilus (Ramon, Secor & Hilbish, 1996; Bierne et al., 2003; Riginos & Cunningham, 2005) . In Ruditapes, it has been estimated as 2.7% in Spain (Hurtado et al., 2011) and 51.3% in the Ariake Sea, Japan (Kitada et al., 2013) . The rate of natural hybridization for Pinctada species in Japan has been estimated as 29.1% (Masaoka & Kobayashi, 2005) .
In conclusion, our work emphasizes the need for monitoring and regulation of natural hybridization of the populations of C. hongkongensis and C. ariakensis in the areas where uncontaminated wild population of these two species still coexist. This practice, along with the implementation of conservation plans, should be a part of regular oyster-farming practice. However, the fertility of natural hybrids, their role in the genetic introgression and the influence on species composition among wild populations merit further study.
